INTRODUCTION
The discovery of blood-oxygenation-level-dependent (Ogawa et al., 1990a,b) contrast in functional magnetic resonance imaging (f MRI) has provided a noninvasive means for mapping areas of activation in the human central nervous system. However, the primary research focus for fMRI has been limited to studies of signal processing in the brain (Shulman et al., 1993; Kwong et al., 1992; Bandettini et al., 1992; Kim et al., 1993a; Sereno et al., 1995; Ungerleider, 1995) . There have been no attempts to assess activity in the human spinal cord, perhaps due to the spinal cord's fine structure and its elasticity and mobility within the spinal canal. Present knowledge of human spinal cord neuroanatomy is primarily based on invasive anatomical and pathological research (Brodal, 1981; Kandel et al., 1991; Shinoda et al., 1981; Futami et al., 1979; Haymaker and Woodhall, 1945; Rexed, 1952 Rexed, , 1954 Willis and Willis, 1966; Scheibel and Scheibel, 1966; Kuypers, 1985; Thage, 1964; Nyberg-Hassen, 1966; Schmidt, 1983) . The functional integration of the cord has been mainly inferred from invasive experimental neurophysiology employing cats and other lower mammals (Rexed, 1952 (Rexed, , 1954 Kuypers, 1985) and primates (Brodal, 1981; Kandel et al., 1991; Shinoda et al., 1981; Futami et al., 1979; Willis and Willis, 1966; Scheibel and Scheibel, 1966; Muto et al., 1995; Jenny and Inukai, 1983) .
With the advent of noninvasive fMRI methods (Ogawa et al., 1990a,b; Shulman et al., 1993; Kwong et al., 1992; Bandettini et al., 1992; Kim et al., 1993a; Sereno et al., 1995; Ungerleider, 1995) for monitoring nervous system activity, rapid progress can be made in imaging functional correlations between neuronal processing and behavior (Kim et al., 1993b; Dettmers et al., 1995; Karni et al., 1995; Santosh et al., 1995; Fried et al., 1994; Boecker et al., 1994; Moseley et al., 1996; Cohen and Bookheimer, 1994; Kwong, 1995; Yoshida et al., 1995) . Functional imaging of the human spinal cord would have important clinical significance for evaluating spinal cord injury in humans, since there are currently no adequate, noninvasive clinical imaging methods for the direct evaluation of spinal cord activity. Because fMRI contrast depends primarily on changes in blood flow and the subsequent changes in the relative amounts of diamagnetic hemoglobin and paramagnetic deoxyhemoglobin (Ogawa et al., 1990a,b) , standard clinical magnetic resonance technology for brain functional imaging should also be applicable to the human spinal cord. For this reason, we sought to directly observe changes in MR image intensity resulting from alterations in blood flow associated with neuronal activation during intentional human motor activity. We report here an initial demonstration of functional imaging of the human spinal cord during the motor task consisting of opening and closing the right hand.
METHODS
fMRI data acquisition. f MRI measurements were performed with a clinical MAGNETOM 63SP (Siemens Medical Systems, Iselin, NJ) using an FDA-approved Siemens neck (C-spine) coil. The appropriate level in the neck at which to make the functional imaging measurements was located using sagittal scout images [FLASH-2D (Haase et al., 1986) 10 slices, TE 5 10 ms, TR 5 500 ms, and 10 mm slice thickness with 256 phase-encoding steps] of cervical spines of supine subjects. The midline sagittal image through the center of the cord was selected and used to orient the transverse functional images to the lower-cervical level of the cord containing vertebrae C6-C7 and cervical cord nerve segments C7-C8 by counting the vertebral bodies and the disc spaces (Fig. 1) . For registration purposes, localizing axial images of the cord were obtained using a T 1 -weighted sequence as above (256 3 256 matrix, 10 mm slice thickness, three slices, 200 mm field of view, and two acquisitions per phase encoding step). Functional studies, to detect changes of tissue magnetization dependent on the blood flow and deoxyhemoglobin content, were obtained in the axial plane using a FLASH-2D pulse sequence with flow compensation and T* 2 -weighting (TE 5 40 ms, TR 5 190 ms, 40°flip angle, and four acquisitions per phase-encoding step; the other parameters were the same as for the T 1 -weighted cord anatomy image given above). All of the imaging sequences contained four dummy scans at the beginning of the sequence to alert the subjects to the start of the data acquisition and to allow for reflexes due to the noise of the gradient switching to relax.
Anatomical positioning of the regions imaged. From a consideration of known neuroanatomy and neurophysiology (Brodal, 1981; Kandel et al., 1991; Shinoda et al., 1981; Futami et al., 1979; Haymaker and Woodhall, 1945; Kuypers, 1985; Jenny and Inukai, 1983 ) the hand-closing task was expected to activate motoneurons, interneurons, and peripheral afferents in the lower cervical spinal cord at the level of the seventh cervical spinal segment (C7) through the first thoracic spinal segment (T1). Since each spinal nerve segment is approximately 13 mm in length in the adult (Kuypers, 1985) we would ideally have chosen an ,39-mm segment at this cord position for study.
However, a preliminary study revealed that images of the spinal cord at the level of T1 and below were compromised in terms of stability and resolution by susceptibility artifacts arising from the pulmonary apices, blood flow in the carotid artery, air in the trachea, and motion of the larynx. As a compromise, we placed the three contiguous 10-mm-thick, functional imaging slices (Fig. 1) at the level of spinal nerve segments C7 and C8, to encompass most of the cord length traversed by motor, sensory, and interneurons related to the hand-closing task (Shinoda et al., 1981; Jenny and Inukai, 1983) , and to avoid, as much as possible, those regions associated with imaging artifacts. The intensities of preliminary serial axial images taken in this lower cervical region (C7-C8) were found to be stable enough to proceed.
The subjects' heads were restrained during the experiments by means of the mask-like, upper portion of the C-spine coil, and with the aid of polyurethane foam placed between the subjects' cheeks and the coil supports. The Siemens C-spine coil incorporates a head restraint shaped much like the face guard on a football helmet.
Motor task protocol. The task was chosen to activate a large portion of the imaged cord region (Shinoda et al., 1981; Kuypers, 1985; Jenny and Inukai, 1983) . Subjects were trained outside the magnet to open and close the right hand at a rate of ,2 Hz, using a maximum of muscles in the forearm, rather than to simply move the fingers. This hand-closing motion mainly involves muscles in the forearm which would be expected to activate motoneurons, interneurons, and peripheral afferents up to the level of C6, the sixth spinal nerve segment of the cervical cord (Shinoda et al., 1981; Kuypers, 1985; Jenny and Inukai, 1983) . The subjects were coached in the task until they were comfortable with the desired rate and type of movement and with the process of keeping the contralateral hand at rest. They were also paced while in the magnet by a coach situated next to the head end of the magnet bore during the task.
A total of 6 examinations were performed on 4 healthy, normal, right-handed, male volunteers (mean age 38, range 11 years) to determine the effect of a simple unilateral motor task on the intensity of serial, axial MR images of the cervical spinal cord. Four sets of control images (of 3 slices each, total time 8.52 min) were taken while the subjects rested, followed by 4 image sets (of 3 slices each, total time 8.52 min) during which the subjects performed the hand-closing task. This procedure was repeated, without pause, once for each subject, resulting in data sets containing a total of 16 images from each of 3 slices through the spinal cord, with 8 control image sets and 8 task-related image sets. The T 1 -weighted reference images were taken at the end of the functional run. The control and functional image sets required 2.13 min each, so that the total elapsed time for data acquisition for the functional portion of this study was 34.08 min per subject. When the scout and T 1 -weighted images are taken into consideration, the total elapsed time in the magnet was about 45 min. The first subject was examined 3 separate times over the course of a 2-month period with uniformly positive results. The experimental imaging sequence was then applied to the remaining 3 subjects in order to confirm and extend the initial observations. Image registration. Within each subject's data set, pixels belonging to the spinal cord were identified from each cord slice image with the aid of a mask generated from the shape of the spinal cord seen in the T 1 -weighted data sets taken at the end of the experimental task portion of the study period. Noncord pixels were removed from the images in order to reduce the size of the data sets. Individual image slice data were interpolated from 1 3 1 to 4 3 4 pixels (which is equivalent to a twofold zero-filling of the time-domain data).
These interpolated images were registered with respect to the first image in each experimental set. The primary reason for the intrasubject registration requirement was the slow settling of the skin at the back of the head due to compression during the 45-min experiment. To remove small, subpixel motion effects from the cord images, each image within each data set was registered as follows using the technique of Anuta (1969) . The variance of the difference between the first image and the subsequent images was computed using the initial raw image registration. Then second and subsequent images were displaced 1 pixel in each of 6 directions with respect to the first image, and the variance was recomputed. The direction (if any) of this 1-pixel shift which produced the minimum variance was chosen as the new origin, and the procedure was repeated to compute the optimal displacement, until there was no further decrease in the variance. Note that since we were working with interpolated images, this procedure resulted in 1 ⁄4-pixel registration of the original images. As an illustration of the lateral stability of the images, from a total of 228 analyzed images (16 images 3 3 slices 3 6 experiments), 118, or 52%, required no shifts, 91, or 40% required a 1 ⁄4-pixel shift, and the remaining 19 images required a 1 ⁄2-pixel shift. No intersubject or interrun registrations were attempted, and no scaling or rotations were performed to register any of the images, except as noted below.
Statistical analysis. The pixel intensities in each masked, registered cord image were normalized and examined for consistency and significance by analysis of variance (ANOVA) methods. When representative control and task images from the first run from the first subject were compared, an F value of 7.6 was found to be associated with the area inside the spinal cord gray matter, indicating a difference in pattern due to test conditions. Representative F values for this first experiment of 1.1 and 0.7, for example, were calculated within the control data and within the task data, respectively, and indicated that no significant differences existed within these patterns, in this subject. After linear trends were removed from the data, ANOVA was used to extract pixels that displayed statistically significant (P , 0.05) differences between the eight control and eight task images, on a pixel-to-pixel basis, for each run from each subject. The final image for each run and subject (Fig. 2) shows the percentage signal increase averaged over the three 10-mm cord slices displayed against a background consisting of the middle slice from that subject's final T 1 -weighted image set.
Dilation and erosion. An image composition procedure was used in order to produce the consensus images shown in Fig. 3 Figs. 2D-2F ) and the registration process (Anuta, 1969) moved each subject's image with respect to those from other subjects. A new binary image was constructed from those pixels surviving the ANOVA test, for each run from each subject. This binary image was eroded with a 2 3 2 structuring element using Minkowski's functionals (Minkowski, 1903) and digitization procedure (Serra, 1982) . The consensus image (Fig. 3) was composed by dilation (expansion in a binary basis in the same functionals, performed twice) averaging over the three slices, interpolation, smoothing and sizing to the spinal cord T 1 -weighted image of subject 3. Student's t test with unequal variances was used to determine the significance of the laterality of the signal increases in different regions of the cord (Table 1) . The area of, and increase in, signal within the spinal cord for each measurement was displayed against a background of the T 1 -weighted cord image of subject 3 as a representative cord image, although other reference images could also have been used. None of the conclusions depend on this choice of reference image.
RESULTS
Functional MR images of the cervical spinal cord from each of six separate experiments (Fig. 2) show areas of net signal increase, as indicated in color, which were laterally situated in the cord gray matter on the right (ipsilateral) side with little intensity seen in the center or on the left (contralateral) side. The first three datasets ( Figs. 2A-2C) were obtained from the same subject over a period of 2 months and gave essentially identical results from run to run in which we observed consistent ipsilateral signal enhancements of up to 7% for single pixels in the right medial area (Table 1) . Single experiments in three additional subjects (Figs.  2D-2F ) also demonstrated similar ipsilateral areas of activation as seen in the first subject, but were accompanied by a small enhanced-signal area on the left (contralateral) side. In one of the subjects (Subject 4, Fig. 2E ) equally intense signal changes were detected on both the ipsilateral and the contralateral sides of the cord. Table 1 shows the maximum ipsilateral and contralateral signal increases in each of the six separate runs. The reproducibility of these findings is illustrated by the results (labeled A, B, and C in Table 1 ) from three distinct studies on a single subject (subject 1) over a period of 2 months. The maximum f MR image intensity increases were found to be 6, 4, and 6% on these three different occasions. The average maximum ipsilateral signal increase of 5 6 1% (n 5 6) was significantly different (P , 2 3 10 25 ) from zero by Student's t test, but the contralateral maximum signal increase of 2 6 2% was not (P . 0.14). The ipsilateral average maximum increase of 5% was significantly greater than the contralateral increase of 2% (P , 0.006).
The results of the six separate experiments were combined (see Methods) to produce a consenus image (Fig. 3) which was displayed against the reference image for subject 3. The regions and fractional occurrence of positive findings among the six subjects (Fig.  3A) in the cervical cord indicate significant localization of the region of activation to the ipsilateral gray matter. In all six cases, a region of significant signal increase was observed in the right (ipsilateral) ventral quadrant of the cord medial to the central canal and extending slightly ventrolaterally. Positive signal increase areas extended to the contralateral side and to the posterior half of the spinal gray matter, in some cases. The distribution of the average increases of signal intensity within this consensus region is shown in Fig. 2B . The mean signal increase over the entire region was found to be 4.8%.
DISCUSSION
The detection of increased f MRI signal intensity areas within the gray matter of the human spinal cord during a simple motor task prompts a consideration of these results within the context of the expected magnitude and location of the activation. We will compare the magnitude of the signal increase with observations of fMRI signal changes in the brain by other workers, while the anatomical location of the increase in the spinal cord will be compared with the location anticipated on the basis of previous invasive studies.
The f MRI signal intensity increases in the cervical spinal cord parallel increases in blood flow responding to increased metabolic demand arising from neuronal activation during the hand-closing task. The vascular system of the spinal cord consists of arterioles and venules, which penetrate the white matter, and capillaries in the gray matter where oxygen uptake occurs in support of neuronal activity (Thron, 1988) . The mechanism of f MRI signal changes has been discussed at length in recent f MRI studies of the human brain (Ogawa et al., 1990a,b; Shulman et al., 1993; Bandettini et al., 1992; Kim et al., 1993a; Sereno et al., 1995; Ungerleider, 1995; Fried et al., 1994; Boecker et al., 1994; Moseley et al., 1996; Cohen and Bookheimer, 1994; Kwong, 1995; Yoshida et al., 1995; Yablonskiy and Haacke, 1994; Gillis et al., 1995; Turner et al., 1992) where increases in blood flow of up to 70% corresponded to mean signal intensity increases at 1.5 T of up to 7%. This observed signal increase in the brain is in excellent agreement with our findings of a maximum increase of 7% for the spinal cord. The maximum signal intensity increase we observed for single pixels was identical to that reported for the brain Bandettini et al., 1992; ) at 1.5 T even though the blood vessels in the brain are randomly oriented with respect to the applied static magnetic field, whereas those in the spinal cord are uniformly orthogonal to the field (Thron, 1988) . Theoretical calculations (Yablonskiy and Haacke, 1994; Gillis et al., 1995) indicate that orthogonal orientation produces the maximum effect possible on the fMRI signal. The maximal effect observed in the brain probably occurs for pixels in which the blood vessels are orthogonal to the applied field.
The physiologically identified consensus region of fMRI signal enhancement (Fig. 3B) occupies the ipsilateral intermediate zone of the spinal cord gray matter with a small extension in the ventrolateral direction. Rexed (1952 Rexed ( , 1954 divided spinal cord gray matter into approximately horizontally arranged laminae numbered from I to X based on cytoarchitecture. The intermediate zone of the gray matter is Rexed's lamina VII. Axons from neurons of the hand area of the motor cortex terminate on interneurons in the ipsilateral intermediate zone (lamina VII) and on motoneurons in Rexed's lamina IX in the cervical enlargement of the spinal cord (Brodal, 1981; Kandel et al., 1991; Shinoda et al., 1981; Futami et al., 1979; Haymaker and Woodhall, 1945; Kuypers, 1985; Nyberg-Hassen, 1966; Schmidt, 1983; Hansen and Schliak, 1962) . Axons from the brain stem terminate on interneurons in Rexed's lamina VII and on motoneurons in lamina IX (Kandel et al., 1991; Kuypers, 1985; Hansen and Schliak, 1962) . For muscles of the extremities, the motoneuronal axons of lamina IX exit via ventral spinal nerve roots to innervate the muscles. In the case of the upper extremities, these are the radial, median, and ulnar nerves. The more distal forearm and hand muscles are innervated by motoneurons located more caudally and laterally in the cord gray matter than are the more proximal arm and trunk muscles (Brodal, 1981) . Furthermore, there are several additional motor pathways which terminate in the intermediate zone (Kandel et al., 1991) . The observed activation of the ipsilateral intermediate and ventral zones is therefore consistent with prior anatomical descriptions of forearm and hand motor areas in the lower cervical cord gray matter (Brodal, 1981; Kuypers, 1985; Jenny and Inukai, 1983) .
We also observed areas which were less consistently activated (Figs. 2 and 3A) in the dorsal horn and in the contralateral gray matter of the cord. These closely related sensory and motor areas are essential for the regulation of motor control (Kandel et al., 1991) . For example, the dorsal area adjacent to Rexed's lamina VII is where sensory neurons originate. Most interneurons exist in lamina VII and also receive sensory input (Scheibel and Scheibel, 1966; Kuypers, 1985) to coordinate the activity of ipsilateral and contralateral motoneurons (Kuypers, 1985) .
There are at least two reasons why we observed these other two areas with less consistency than for the consensus area (Fig. 2B) . The longitudinal spatial   FIG. 1 . Midline, sagittal scout MR image of the cervical region from subject one showing the orientation and location of the three, axial 10-mm-thick slices used to obtain the f MRI data on the cervical spinal cord. The field of view is 25.6 cm; see Methods for the remaining parameters.
FIG. 2.
Functional MR images of the human spinal cord at the lower cervical level during a right-hand-closing task in normal, right-handed, volunteers. Shown are the results from six separate experiments in four individuals. The black and white background is a T 1 -weighted reference image from each subject showing the spinal cord internal anatomy divided into peripheral white and central gray matter portions. The color overlays correspond to the region and intensity of significant (P , 0.05, ANOVA) f MRI signal change (percentage resolution was limited by the 1-cm slice thickness, and, for a small volume of activation, the intensity changes could have been below the threshold of the sensitivity (,1%) of this measurement for some subjects. The results did vary from subject to subject, but that could also arise from individual variation in either the anatomical or the functional integration of the spinal cord, or from differences in vascular anatomy (Thron, 1988) . It is known (Nyberg-Hassen, 1966; Schmidt, 1983; Muto et al., 1995) that subject-to-subject variation occurs in human spinal cord neuroanatomy, but there has been no noninvasive method for probing this fact in a given subject. It is also possible that the contralateral areas of activation could have arisen from unobserved ''shadow'' movements of the contralateral extremity or from conscious inhibition of such movements.
The motor task performed by the volunteers here is a complex motion involving several spinal cord levels which control flexion and extension of the hand. It is well known from positron emission tomographic investigations that his task is controlled and integrated by neurons in the motor cortex of the contralateral lobe of brain. This has recently been further documented by fMRI studies of this brain region (Bandettini et al., 1992; Kim et al., 1993a,b; Muto et al., 1995; Dettmers et al., 1995; Karni et al., 1995; Santosh et al., 1995; Fried et al., 1994; Boecker et al., 1994; Turner et al., 1992) . From the brain, neuronal signals associated with the motor task are transmitted to the ipsilateral motoneurons in the spinal cord. Corticospinal fibers terminate on motoneurons at several cord levels in support of the cooperative motions of the hand, so that it is not surprising that we observe cord activity over a length corresponding to at least two cord segments.
This study aimed to follow a locus in the spinal cord in relation to a motor task. A successful experimental outcome depended on selecting the correct level of the cord. The description of the corticospinal tract terminals is based on the corresponding area described in humans by Brodal (1981) and determined physiologically in primates by Shinoda et al. (1981) and Jenny and Inukai (1983) , who traced the path of axons from the hand area of the motor cortex to their termination at C7. Using horseradish peroxidase staining, Shinoda et al. (1981) were able to observe the contact of corticospinal axons with motoneurons of the ulnar and radial nerves. These descriptions served as the basis for our choice of a 30-mm observation width centered at the seventh cervical cord segment, although this is slightly more rostral in the cord than that of the spinal nerves controlling the muscles of the hand (see Methods) (Hansen and Schliak, 1962) . The area of activation observed also corresponds to the region of the vascular capillary bed which supplies the neurons in the spinal gray matter (Thron, 1988) .
Application of sophisticated registration and imageprocessing algorithms to the fMRI data sets was necessary in order to extract the areas of activation. The subjects had to lie completely still within the magnet and the C-spine coil for the duration (45 min) of the exam. This was not difficult, by itself, for the highly motivated subjects; nevertheless, there were sources of motion, apart from gross body, head, or neck motion. Pulsatile motion of the cerebrospinal fluid surrounding the spinal cord is present, but is not a source of significant cord motion on the time scales involved in our experiments. There is, however, a slow, insensible compression of the skin over the time course of the examination, which made it necessary to register the individual images in order to remove motion effects. This was accomplished by concentrating the data analysis on just the region of the cord itself, with the result that small, subpixel image shifts were removed from the raw cord data prior to further processing (see Methods) (Anuta, 1969; Minkowski, 1903; Serra, 1982) . In order to produce the final composite map of activation of the cervical cord in the face of differing anatomy from subject to subject, we used image erosion and incease) during the motor task as compared with the control images. dilation to compose a summary of the intensitity increase regions (Fig. 3) . Much of our knowledge of spinal cord structure and function is based on transection, labeling, or lesion studies performed on cats and primates (Shinoda et al., 1981; Futami et al., 1979; Rexed, 1952 Rexed, , 1954 Willis and Willis, 1966; Scheibel and Scheibel, 1966; Kuypers, 1985; Jenny and Inukai, 1983) . Since there are also species differences in cord anatomy (Kuypers, 1985) it is essential to develop a method to probe the spatial variation of individual human neural function for clinical neuroscience. Up until now there has been a lack of means to image the integrated operation the spinal cord. We have now demonstrated local regional activation in functional f MRI of the human spinal cord during a motor task. This observation should encourage further research into imaging of the functional integration of, and cooperation among, the known neuronal connections in the spinal cord. We are also optimistic about the potential application of fMRI to the assessment of residual function in acute or chronic spinal cord injuries (Sillerud et al., 1987 (Sillerud et al., , 1988 Kirsch et al., 1988) .
